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Abstract 

In the emerging landscape of cardiovascular (CV) outcome trials evaluating the effects of blood glucose lowering 
drugs in individuals with type 2 diabetes, it is becoming increasingly apparent that since the promising signals 
coming from the United Kingdom Prospective Diabetes Study (UKPDS) no unequivocal benefits have been 
established for any single therapy thus far. There is an unmet need for introducing an effective pharmacological 
agent which could target both correlates of glycaemic regulation and CV risk factors, to ameliorate the enormous 
burden of fatal and non-fatal CV events in diabetic patients. Acarbose, like other alpha-glucosidase inhibitors (AGIs), 
has been proven to be an effective antidiabetic treatment for decades, but the overall significant impact of this 
class of drugs on modulating CV risk has only recently been appreciated. Accumulating evidence has shown that 
apart from its multiple effects on primarily postprandial glucose dysmetabolism, a key component of mechanisms 
linked to increased incidence of CV events, acarbose therapy also associates with a favorable impact on an array of 
surrogate markers of CV disease. Data stemming from in vitro testing of human cell lines as well as from preliminary 
trials in diabetic populations, like the Study to Prevent Non-lnsulin-Dependent Diabetes Mellitus (STOP-NIDDM) 
trial, have highlighted - though not undisputed - the potential beneficial effects of the drug on CV morbidity. 
Large scale trials, like the ongoing Acarbose Cardiovascular Evaluation (ACE) trial, aim at conclusively establishing 
such a positive effect in patients with coronary heart disease and impaired glucose tolerance. In view of its 
usually acceptable level of side effects that are, if they occur, mostly limited to transient gastrointestinal 
symptoms, acarbose could well be a strong future player in CV disease secondary prevention. Current 
discouraging results from many trials of antidiabetic medications to significantly lower CV event rates 
in diabetic patients, should only draw further attention on alternative glucose lowering agents, among 
which acarbose is indeed promising. 
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Introduction 

Unexpected - even adverse - cardiovascular (CV) outcome 
results of recent randomized controlled trials (RCTs) 
evaluating long term blood glucose lowering therapy in 
large patient cohorts with type 2 diabetes have gained 
worldwide attention [1,2]. In particular, the Action to 
Control Cardiovascular Risk in Diabetes (ACCORD) 
trial, showing excessive all cause and CV mortality on more 
intensive glucose lowering therapy, has highlighted the 
complexity of pros and cons in relation to diabetes 
treatment [3]. In addition, normalization of glycaemia with 
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HbAlc values within the normal range by applying long 
acting insulin analogue glargine over six years in the Out- 
come Reduction with an Initial Glargine Intervention 
(ORIGIN) trial, was not superior in terms of CV outcomes 
to more conventional therapy [4]. The latter was based 
mainly on metformin and/or sulphonylurea therapy and 
yielded a 0.3% higher mean HbAlc value [4]. Conversely, 
the CV benefits seen with metformin therapy in a subset 
of overweight (>120% ideal boody weight) patients in the 
United Kingdom Prospecitve Diabetes Study (UKPDS, 
[5]), seem to be largely confined to the comparison with- 
out other antidiabetic drug treatment only or to younger 
patients, according to a recent meta-analysis including 
35 RCTs [6]. Finally, saxagliptin and alogliptin, as 
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representatives of the innovative class of dipeptidyl- 
peptidase-4 (DPP-4) inhibitors have recently failed to 
demonstrate significant CV outcome benefits in the 
Saxagliptin Assessment of Vascular Outcomes Recorded 
in Patients with Diabetes Mellitus (SAVOR-TIMI 53) and 
the Examination of Cardiovascular Outcomes with Aloglip- 
tin versus Standard of Care (EXAMINE) trial [7,8], 
respectively. 

Likewise, the Aleglitazar to reduce Cardiovascular Risk 
in Coronary Heart Disease (CHD) Patients With a Recent 
Acute Coronary Syndrome (ACS) Event and Type 2 Dia- 
betes Mellitus (ALECARDIO) trial evaluating the inves- 
tigational diabetes drug aleglitazar, a dual PPAR alpha/ 
gamma agonist, has been halted due to safety concerns 
[9]. These were related to bone fractures, heart failure and 
gastrointestinal bleeding, whereas the intended primary 
reduction of CV endpoints could not be substantiated. 
Hence, the effectiveness of blood glucose lowering ther- 
apies has only been proven for reducing microvascular 
complications of diabetes, but has remained controversial, 
rather disappointing, as to the measurable reduction of 
macrovascular, i.e. CV disease. In fact, several unwanted 
potential downsides of some drugs cannot be excluded in 
this latter context [10]. All blood glucose lowering drugs, 
therefore, ought to be subjected to RCTs evaluating how 
they perform in relation to CV complications, even if such 
studies are not imposed by regulatory authorities. In 
this paper, we aim to explore the potential of the alpha- 
glucosidase inhibitor acarbose to reduce CV complications. 
Acarbose is currently studied in the Acarbose Cardio- 
vascular Evaluation (ACE) Trial [11], in individuals with 
established coronary heart disease and impaired glucose 
tolerance, but its results are expected only to become 
available in about four years. 

Update on mode of action 

Recent review papers on acarbose have nicely summarized 
the mode of action of this drug [11-14]; see also list 
"Acarbose Highlights of Practical Use" below. In brief, 
acarbose is a pseudo-carbohydrate that competitively 
and reversibly inhibits alpha-glucosidases, i.e. membrane- 
bound intestinal enzymes located in the brush-border of 
the small intestine mucosa that process oligosaccharides, 
trisaccharides, and disaccharides to glucose and other 
monosaccharides. Inhibition of this glucoside hydrolase 
activity by acarbose delays hydrolysis and digestion of 
complex carbohydrates in the upper small bowel, subse- 
quently retards absorption of glucose and 'blunts' post- 
prandial hyperglycemia. In addition, acarbose exerts the 
same degree of non-reversible blockade on pancreatic 
alpha-amylase, which hydrolyzes complex starches to 
oligosaccharides in the lumen of the small intestine. 
Intact acarbose is poorly absorbed and is excreted in the 
feces, mostly intact but with up to 30% undergoing 



metabolism predominantly via fermentation by colonic 
microbiota [12]. 

Acarbose highlights of practical use 

• Acarbose 

• Has shown efficacy on the full spectrum of diurnal 
dysglycemia. 

• Is the only oral antidiabetic drug approved in many 
countries for use in IGT, besides its approval in the 
treatment of diabetes. 

• Provides sustainable glucose control. 

• Lowers postprandial hyperglycemia and improves 
glycemic control. 

• Can be combined with other oral antidiabetic drugs 
and with insulin. 

• Has mild to moderate GI side-effects that may be 
minimized by a stepwise dose regimen. 

• Has been shown to be more effective in Asian than 
in Western populations. 

Adaptive changes in the lower smaller intestine, which 
may take several weeks to occur following initiation of 
therapy with alpha-glucosidase inhibitors (AGIs), ensure 
full carbohydrate absorption, mitigate initial gastrointestinal 
side effects, such as abdominal distension, flatulence or 
diarrhea and also seem to affect the release of a variety of 
gastrointestinal hormones, including stimulating secretion 
of the key incretin hormone glucagon-like peptide- 1 
(GLP-1, see below). In view of this physiological adap- 
tation process and not infrequent - albeit transient - 
gastrointestinal side effects, it is advisable to pursue a 
dosing escalation concept of 'start low, go slow'. A scheme 
of 50 to 100 mg tid is usually recommended as effective 
maintenance therapy. 

An indirect consequence of reducing postprandial 
hyperglycemia with acarbose is an increase of insulin 
sensitivity. It is thought that by blunting post-ingestion 
plasma glucose excursions, reduced exposure to glucose 
toxicity and/or reduced postprandial hyperinsulinemia 
attenuates down-regulation of the insulin receptor and 
thus reduces insulin resistance [15]. By directly targeting 
postprandial hyperglycemia rather than acting as a 
"conventional" hypoglycemic agent, acarbose is not only 
aiming at the most inappropriately elevated and longest 
lasting component of aberrant diurnal glucose metabolism 
in diabetic individuals, but is also suitable for combination 
therapy with all other blood glucose lowering agents such 
as metformin, sulfonylureas, DPP4 inhibitors, GLP-1 ago- 
nists, and insulin [11,16]. 

Glycemic efficacy 

Numerous studies worldwide, have demonstrated the 
efficacy of acarbose, as monotherapy and combination 
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therapy with other glucose lowering agents, in treating type 
2 diabetes [16-27]. In terms of quantifying the glucose- 
lowering efficacy, a Cochrane systematic [28] review has 
confirmed a placebo-subtracted decrease of HbAlc with 
acarbose therapy of 0.8% (95% confidence intervals (CI) 
0.64-0.90), a 2.3 mmol/1 reduction in postprandial glucose 
(95% CI 1.92-2.73), and a 1.1 mmol/1 reduction in fasting 
glucose (95% CI 0.83-1.35). In addition, acarbose therapy 
significantly associates with reduced 1-h post-load insulin 
concentrations by -40.8 pmol/1 [95% CI: -60.6, -21.0] [28]. 

Effectiveness in Asian populations 

Based on 46 studies, a recent systematic meta-analysis has 
shown that patients consuming "Eastern" vs. "Western" 
diets achieve a superior blood glucose lowering effect 
while on treatment with acarbose [29]. The results re- 
vealed that, compared with placebo, mean HbAlc levels 
were reduced to a significantly greater extent (1.02%) in 
the Eastern diet group (mean [SD], 1.54% [2.00%]) than 
in the Western diet group (mean [SD], 0.52% [1.20%]); 
P < 0.001). The ability of acarbose to reduce HbAlc 
levels in the Eastern (P = 0.20) and Western (P = 0.10) 
diet groups was similar to that of sulfonylureas, and 
HbAlc levels were reduced significantly more (0.39%; 
P < 0.001) in the Eastern than in the Western diet 
group. It is not surprising, therefore, that AGIs such as 
acarbose are much more widely used in Asian countries 
[11]. Furthermore, it has been recently shown that acar- 
bose is similar to metformin in efficacy in a study in China 
[30], and is therefore a viable choice for initial therapy in 
Chinese patients newly diagnosed with type 2 diabetes. 

In fact, acarbose has become and still is the most com- 
monly prescribed oral glucose-lowering medication in 
China with its huge diabetic population [31], where it is 
also licensed for use in individuals with impaired glucose 
tolerance, as a means for delaying and or preventing 
progression to overt type 2 diabetes. Although ethnic 
specific differences cannot be excluded as an explanation 
for different glycemic efficacy of acarbose in various 
populations, merely because of its mechanism of action 
it seems likely that the starch content, which is still 
high in most Asian diets, might substantially augment 
the postprandial hypoglycemic effect of acarbose in 
these populations and enhance its biopotency [29]. 

Effect on gut hormones 

There is now firm evidence that all AGIs, including acar- 
bose, increase circulating postprandial active GLP-1 levels 
and act synergistically to the effect of DPP-4 inhibitors; at 
the same time, glucose-dependent insulinotropic polypep- 
tide (GIP) is decreased [32-36]. The GLP-1 enhancing 
effect is particularly seen also in type 2 diabetic patients 
during standardized meal tests, when administration of 
AGIs generates significantly lower plasma glucose, serum 



insulin and total GIP levels, whereas concentrations of 
active GLP-1, the key incretin hormone, are significantly 
higher - up to 50% [33]. This notion has been recently 
reinforced by the finding that 24 weeks of acarbose mono- 
therapy in newly diagnosed patients with T2D was associ- 
ated with increased levels of both fasting and postprandial 
GLP-1, NO levels and NOS activity [37]; the benefits of 
acarbose on cardiovascular risk may, therefore, be related 
to its stimulation of GLP-1 secretion. Moreover, this effect 
of acarbose and other AGIs seems to be of additional 
importance, as clear evidence has been accumulated in 
recent years that a gradual decline in the incretin effect is 
a generalized, specific and slowly emerging characteristic 
in the pathophysiology of type 2 diabetes disease progres- 
sion [38,39], contrary to earlier beliefs, which linked type 
2 diabetes onset with diminished incretin effect [40]. 
Moreover, combination studies with AGIs on top of treat- 
ment with a DPP-4 inhibitor in type 2 diabetic patients, 
showed further increase of the area under the curve (AUC) 
of plasma GLP-1 concentrations after a meal, compared to 
therapy with the DPP-4 inhibitor alone [32,41]. 

Thus, it seems reasonable to conclude that acarbose 
and other AGIs might enhance the potentially beneficial 
effects of GLP-1 on the CV system by increasing GLP-1 
levels in a physiological manner [42,43]. At this end, 
acarbose should also exploit the assumed beneficial CV 
effects of DPP-4 inhibitors, whose efficacy rely heavily 
on the functional capacity of the residual beta cell mass 
to modulate insulin secretion in response to available, 
slowly dissipating endogenous GLP-1 [38,39]. 

Apart from its effects on the incretin peptides, acarbose 
impacts upon release of other gut-derived hormones; it 
augments the postprandial increase of cholecystokinin 
(CCK) and peptide YY (PYY) and further potentiates the 
postprandial reduction of ghrelin, thus suppressing appe- 
tite [35]. In conjunction with the prevailing lower post- 
prandial insulin concentrations, these complex effects on 
entero-endocrine mediators, might impact favorably on 
the feeling of hunger and regulation of satiety, as well as 
contribute to less weight gain and even some weight loss 
while on treatment with acarbose, thus reducing total CV 
risk further. 

Finally, acarbose also mitigates reactive hypoglycemia, 
e.g. as seen in patients with Roux-en-Y Gastric Bypass 
operations [44,45]. 

Interaction with gut microbiota 

One factor in relation to varying glycemic efficacy and 
perhaps also different incidence and gravity of gastro- 
intestinal side effects, might reside within the enormous 
and diverse biosphere of the microbiome in the large 
bowel [46,47] and its capacity to modulate nutrient assim- 
illation. A vast number of microbes with a tenfold higher 
number of cells compared to the human body colonize 
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the intestine. The so-called microbiota, seem to vary 
reflecting geographical and cultural differences and have 
been shown to be associated with incidence of type 2 
diabetes, obesity and CV disease [46,47] . Acarbose appears 
to have a distinct effect on gut microbiota, as it has been 
shown to increase fecal bifidobacteria content in patients 
with type 2 diabetes mellitus, thus emphasizing its poten- 
tial to act in synergy on complex carbohydrate metabol- 
ism. This is an intriguing prospect, which warrants further 
exploration [48]. 

Pleiotropic effects 

Optimal weight management is a cornerstone of suc- 
cessful diabetes therapy aiming at the prevention of CV 
complications [1]. Most patients with type 2 diabetes, 
however, are overweight or obese right at the time of 
diagnosis and may gain further weight on treatment with 
drugs like sulphonylureas, glinides, thiazolidindiones and 
insulin. In contrast, treatment with acarbose has been 
shown to associate with a moderate weight loss of about 
1 kg, on average, compared to placebo, alongside improved 
glycemic control in most randomized controlled trials 
[24,49,50]. A recent meta-analysis has confirmed this 
[51,52], as did a head-to-head comparison with a DPP-4 
inhibitor, where acarbose demonstrated significantly 
greater weight reduction [49]. Furthermore, this ad- 
vantageous effect on weight management is maintained 
when the drug is administered in combination with 
therapeutic options usually leading to weight gain, in- 
cluding new insulin treatment. Administration of acar- 
bose together with initiation of insulin therapy has been 
found to largely ameliorate the weight gain seen in the 
placebo control group [24]. 

Visceral adipose tissue appears to be preferentially 
targeted in response to treatment with AGIs, e.g. with 
miglitol [53]. Excessive accumulation of splanchnic fat, 
however, has also been established as one of the pa- 
rameters - among other measures of overweight and 
obesity-related sequelae - most closely linked to CV com- 
plications, as evidenced from milestone studies such as 
DECODE [54], the INTERHEART, the Framingham and 
the Framingham Heart Offspring Study, the EGIR Group 
and NAVIGATOR [55-61]. Interestingly, NAVIGATOR 
showed in some 10,000 subjects with impaired glucose 
tolerance that waist circumference was one of the stron- 
gest predictors of heart failure and stroke [60,61], but also 
CV complications in general and was superior to measures 
like weight or body mass index [59]. Also, based on CT 
scan measurements of visceral fat volume, the Framing- 
ham Offspring Heart Study has recently demonstrated a 
clear superiority of visceral adiposity in predicting CV 
events as well as cancer, compared to subcutaneous fat 
mass and BMI [57]. From these findings one might 
conclude that treatment with AGIs, i.e. miglitol, acarbose, 



and voglibose, by virtue of better weight management and 
specific loss of visceral fat, should contribute to net gen- 
eral reduction of CV risk factors (see below) and CV risk. 

Effect on blood pressure 

Although not undisputed [62,63], remarkable effects of 
acarbose on blood pressure and newly diagnosed hyper- 
tension have been observed in the randomized con- 
trolled STOP-NIDDM trial [64], aiming at preventing 
type 2 diabetes in subjects with impaired glucose toler- 
ance (IGT). New cases of hypertension were significantly 
reduced in the acarbose treated group and the mean 
blood pressure was also significantly lower in this group 
at the end of the study. A post-hoc planned analysis of 
the STOP-NIDDM trial also revealed a close correlation 
of the conversion of IGT to type 2 diabetes and incident 
cases of hypertension [65] . Likewise, significant reduction 
of blood pressure was observed in the acarbose-treated 
patients in the MeRia Study [66], a phenomenon that had 
been noted also earlier in another randomised controlled 
trial lasting over 6 months, in comparison with glibencla- 
mide [67]. Although this effect on blood pressure seems 
important in terms of possible prevention of CV compli- 
cations, it has not been assessed in a systematic predefined 
way in most acarbose-related studies and needs further 
investigation, e.g. in the ongoing ACE trial [11]. 

In terms of pathophysiology, acarbose has been found 
to attenuate the blood pressure and splanchnic blood 
flow response to intraduodenal administration of sucrose 
in older adults, perhaps due to its multiple effects on the 
release of intestinal hormones and on insulin secretion 
[68,69]. 

Effects on dyslipidemia 

The effectiveness of acarbose to ameliorate postprandial 
dysmetabolism in patients with diabetes and metabolic 
syndrome also includes influencing dyslipidemia in a 
positive manner. Attenuation of postprandial hypergly- 
cemia and hyperinsulinemia associates with reduced 
triglyceride uptake into adipose tissue, reduced hepatic 
lipogenesis and hence reduced triglyceride content of 
the liver [12,70,71]. This is in line also with findings in 
the STOP-NIDDM trial of slightly, but significantly 
lower fasting triglycerides and somewhat higher fasting 
HDL-cholesterol concentrations in the acarbose treated 
group [64,72]. In addition, acarbose reduces oxidation of 
LDL-cholesterol [70]. 

A recent meta-analysis has assessed the effects of DPP-4 
inhibitors, pioglitazone, insulin secretagogues, and acar- 
bose on blood lipids when compared to placebo [73]. 
With respect to triglycerides, a significant reduction could 
be observed with acarbose, pioglitazone, and DPP-4 inhib- 
itors, but not with sulfonylureas. HDL-C appeared to be 
increased by treatment with acarbose and pioglitazone, 
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and decreased by sulfonylureas. No effect on total choles- 
terol was seen with acarbose. So, in aggregate, acarbose 
affects dyslipidemia favorably, though the effects are not 
very marked, and its use should be certainly supportive 
alongside other measures and/or medications to reduce 
potential CV risk related to dyslipidemia. 

Effect on postprandial platelet activation 

The effects of acarbose on platelet activation and its deter- 
minants have been recently examined in newly diagnosed, 
drug-naive type 2 diabetic patients (baseline HbAlc < 7%), 
as hyperglycemia is a major contributor to in vivo platelet 
activation in diabetes mellitus [74] . As compared with the 
placebo group, acarbose-treated patients showed statisti- 
cally significant reductions in urinary ll-dehydro-TXB2 
and 8-iso-PGF2a excretion rate after 8 weeks of treatment 
(between-group P < 0.001 at 12, 16 and 20 weeks), follow- 
ing earlier decreases in postprandial hyperglycemia and 
MAGE. 

This potentially very important aspect of treatment 
with acarbose should be generally helpful in reducing 
CV complications in patients with type 2 diabetes, but 
has not been fully explored, with the exception of urinary 
measurements of PGF2a in the context of postprandial 
hyperglycemia and MAGE (see further below) and of earl- 
ier reports on reduction of fibrinogen and prothrombin 
subsequent to the administration of acarbose [75]. Also, 
potential interactions with the frequent use of aspirin and 
other antiplatelet drugs in the context of multifactorial 
therapy, i.e. the gold standard therapy to manage total 
CV risk in patients with type 2 diabetes, might be worth 
studying. 

Beyond the effects reducing the challenge of postpran- 
dial hyperglycemia, however, acarbose undoubtedly has 
emerged as an agent also addressing all facets of the 
known and established metabolic CV risk cluster, including 
favorable effects on body weight, insulin sensitivity, hyper- 
insulinemia, blood pressure, dyslipidemia, prothrombotic 
activation, microbiota-related effects, and gradual dimin- 
ution of the incretin effect see list "Acarbose Potential to 
Reduce CVD by Direct Virtue of Its Mode of Action" 
below. 

Acarbose potential to reduce CVD by direct virtue of its 
mode of action 

• Reduction of postprandial hyperglycemia, glucose 
variability, and (reactive) hypoglycemia. 

• Increased insulin sensitivity. 

• Enhanced GLP-1 release. 

• Increased postprandial CCK and PYY, reduction of 
postprandial Ghrelin. 

• Impact on and synergy with gut microbiota. 

• Induction of moderate weight loss. 



• Attenuation of insulin therapy-associated weight gain. 

• Decrease of visceral fat. 

• Association with lower blood pressure, shift of 
dyslipidemia to a pattern characterized by more 
HDL cholesterol and less postprandial triglycerides 
and oxidized LDL cholesterol. 

• Inhibition of key platelet activation pathways. 

Importance of postprandial hyperglycemia and glucose 
variability on CVD 

Postprandial hyperglycemia is a hallmark characteristic 
in most individuals with impaired glucose tolerance and 
early type 2 diabetes and has been established as a key 
pathophysiological component of the mechanism under- 
lying the development of diabetic complications [11]. 
Fluctuations in glucose levels following a meal are strongly 
associated with micro- and macrovascular complications 
not only in patients with type 2 diabetes, but also in indi- 
viduals with IGT [76]. The risk for developing coronary 
heart disease or other major adverse CV events is increased 
by almost three-fold in subjects with IGT compared to 
people with normal glucose tolerance [77]. 

Controversy, however, exists as to whether elevated 
fasting plasma glucose and post-load glucose excursions 
contribute differently to all-cause mortality or CV out- 
comes, respectively. A meta-analysis by Coutinho, et al. 
has suggested that both parameters contribute more or 
less equally [78], in contrast to other publications, (for 
example, from the DECODE [54], DECODA [79] or 
Funagata studies [80]) that support the highly important 
role of postprandial hyperglycemia contributing to in- 
creased CV risk. The AlC-Derived Average Glucose 
(ADAG) Study, using extensively and repeatedly continu- 
ous glucose monitoring to assess the precise relationship 
between HbAlc concentrations and glycemic parameters, 
has described a strikingly similar increase of CV risk with 
all regular glycemic parameters, i.e. with mean blood 
glucose, fasting blood glucose, 2 hour postprandial blood 
glucose, and HbAlc in the type 2 diabetic cohort, applying 
a complex CVD risk factor score [81]. 

The ongoing prospective AusDiab Study, a cohort study 
of approximately 10,000 people across Australia having 
undergone baseline oral glucose tolerance testing, has 
indicated a graded association between baseline glycemic 
indices and subsequent CV clinical events and mortality 
over approximately 5-years of study follow-up, with simi- 
lar model performance using impaired fasting glucose or 
IGT classifications [82,83]. The observational CAPRI study 
in overt diabetic patients treated by diet alone or in com- 
bination with oral glucose-lowering drugs, has described an 
additional relationship between postprandial blood glucose 
peak values and carotid intima-media thickness, which 
is above and beyond the association observed with 
HbAlc [84]. Furthermore, the Diabetes Intervention 
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Study and the San Luigi Gonzaga Study investigators 
have reported specific associations between postpran- 
dial glucose concentrations and risk for subsequent CV 
events, such as myocardial infarction, in patients with 
type 2 diabetes [85,86]. 

A serious limitation of these epidemiological studies is 
that, most often, postprandial hyperglycemia was not 
directly measured, but rather inferred by evaluating 
glycemia after an oral glucose load with 75 g glucose as 
recommended by international standards [1]. It is note- 
worthy, therefore, that although the 2-h glucose values 
after an oral glucose load are closely correlated with the 
2-h values after a standardized meal, the correlation with 
postprandial blood glucose concentrations experienced 
in the ambulatory setting are much more variable [87]. 
Continuous glucose monitoring with sensors (CGMS) is 
probably a necessary prerequisite for studies trying to 
elucidate the specific impact of postprandial glycemic 
parameters on CV outcomes, like in the ADAG study 
[81], especially when it comes to glycemic variability (see 
also below). This approach has been applied in a number 
of pathophysiological studies. 

Acute increases of blood glucose concentrations and 
fluctuating glucose levels with high peaks may induce 
hemodynamic alterations and are associated with endo- 
thelial dysfunction and signs of oxidative stress, even in 
non-diabetic patients. The seminal work of Monnier et al. 
has shown, by using CGMS in patients with type 2 dia- 
betes, that the urinary excretion of 8-isoprostanes (PGF2a) 
as a sign of oxidative stress and lipid peroxidation is 
closely correlated with post-meal glucose levels and even 
more so with the maximal glucose excursions, in contrast 
to no such correlation with the HbAlc value or the mean 
glucose concentration [75]. A similar connection has also 
been found in the study of Santilli et al, exploring post- 
prandial activation of platelets [74]. Ceriello et al. have 
used a model of generating glucose fluctuations by glucose 
infusion both in diabetic and non-diabetic subjects. They 
found a very close association of the glucose peaks with a 
decrease in flow-mediated dilatation of the forearm and 
increased nitrotyrosine, which reflects oxidative stress at 
mitochondrial level [88]. 

Finally, Ceriello et al. went on to in vitro studies using 
human endothelial cells and exposing them to various 
glucose patterns, i.e. normal or constantly high glucose 
for 21 days vs. oscillating high and normal glucose for 
21 days vs. oscillating high and low or permanently high 
glucose for 14 days followed by normal glucose by 7 days 
[89]. They consistently showed that the highest up- 
regulation of pathways related to apoptosis at the gene 
transcription level, the highest generation of oxidative stress 
markers and DNA damage, and the highest reactive oxygen 
species accumulation were significantly associated with ex- 
posure to oscillating glucose concentrations. Interestingly, 



these alterations could not be restored to normal despite 
normalization of glucose levels, suggesting a metabolic 
"memory" of human endothelial cells in response to tran- 
sient but rapidly changing glycemic milieu [89] . 

Intervening on postprandial hyperglycemia with several 
suitable pharmacologic agents, such as short acting insulin 
analogues, repaglinide, nateglinide and also acarbose has 
principally proven the reversibility of the pathophysio- 
logical CVD surrogate changes discussed above [90-95]. 
Endothelial function was measured at the myocardial level 
with positron emission tomography (PET) in insulin- 
requiring diabetic patients and postprandial hyperglycemia 
was targeted with various kinds of insulin regimens. When 
postprandial hyperglycemia was abolished by a rapid 
acting insulin analogue as compared to regular insulin 
or placebo, myocardial blood flow was also restored to 
normal, along with evidence of paradoxical vasoconstric- 
tion associated with more marked postprandial hyper- 
glycemia compared to placebo [90]. Similarly, when 
comparing nateglinide and acarbose to target postprandial 
hyperglycaemia in new-onset, non-insulin requiring indi- 
viduals with diabetes, improvement of post-meal flow- 
mediated dilatation was noted with an edge of acarbose 
over nateglinde [94] (as to the acarbose studies see further 
down). Finally, repaglinide has also been shown to reduce 
CVD surrogates such as CRP, IL-6 and carotid intima 
media thickness [91]. 

So, in all, substantial evidence has been accumulated 
in support of the case that postprandial hyperglycaemia 
along with fluctuating glucose concentrations with high 
peaks, provides a pathophysiological link to disordered 
vasoreactivity in large blood vessels and is a risk predictor 
for CV complications longer term [77,96,97]. Looking spe- 
cifically at glucose variability as a CV risk marker using 
CGMS in epidemiological studies, however, seems to carry 
some inherent limitations, which could discourage applying 
this technology on a larger scale. So far, only the Verona 
Diabetes Study, based on laboratory determinations of 
FPG, not of postprandial glucose, has published evidence 
indicating that FPG variability predicted 10 year mortality 
of type 2 diabetic patients [98]. Conversely, the ADAG 
study failed to show an increased CV risk associated with 
CGMS-derived glucose variability parameters in a cross- 
sectional evaluation both in the type 1 and type 2 diabetic 
cohorts [81]. Yet shortcomings of this particular study 
were that CV disease was not looked at prospectively and, 
in fact, CV disease or events were not assessed at all, but 
rather a complex CV risk factor score was used instead. 

Efficacy of acarbose to reduce pp hyperglycemia and 
glucose variability 

Numerous studies have demonstrated that acarbose 
significantly reduces postprandial hyperglycemia, fasting 
blood glucose and HbAlc levels in patients with type 2 
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diabetes [11,15,18,23,28,73]. Acarbose also causes signifi- 
cant reductions in postprandial and fasting blood glucose 
levels in individuals with IGT [23,72]. Also, more recent 
large scale clinical studies have clearly underlined its high 
effectiveness in reducing postprandial hyperglycemia and 
glucose variability, both as mono-therapy or in combin- 
ation with any other blood glucose-lowering drug, includ- 
ing insulin. More than 15,000 patients have been enrolled 
in China, Taiwan, the Middle-East, Morocco, Poland, 
Indonesia, Pakistan and the Philippines and followed up 
to 3 years [50]. Specific advantages were seen in terms of 
attenuating postprandial hyperglycaemia, glucose variabil- 
ity, hypoglycaemia and also weight gain. In another study, 
in which CGMS was used in patients with metformin- 
treated type 2 diabetes, randomised treatment with 
acarbose vs. glibenclamide resulted in a much smaller 
intra-day and inter-day glucose variability in the acarbose 
group along with a comparable decrease of HbAlc in both 
treatment groups [99]. This effect was mainly due to a 
flattening of postprandial hyperglycemia. In addition, 
several episodes of hypoglycemia occurred with glibencla- 
mide during the 12-week evaluation period, in contrast to 
none with acarbose. 

Effects of acarbose on CVD surrogates 
Endothelial dysfunction 

Endothelial dysfunction as measured at the forearm or 
the myocardial blood flow level has been established as a 
major CVD surrogate predicting serious CV complications, 
e.g. myocardial infarction. As already noted, acute hypergly- 
cemia within minutes can hamper endothelial function and 
may even induce paradoxical vasoconstriction. Acarbose 
unequivocally has been confirmed to prevent such endo- 
thelial dysfunction and to restore blood flow to normal in 
a series of studies examining type 2 diabetic patients in 
Europe and in Asia [92-94,100]. Moreover, miglitol, an- 
other AGI, has also been shown to improve postprandial 
endothelial dysfunction in patients with acute coronary 
syndrome and new-onset postprandial hyperglycemia, 
alluding thus to a potential beneficial class effect [101]. 
In a head to head comparison, acarbose was superior to 
nateglinide, a prandial insulin secretagogue, in restoring 
endothelial dysfunction [94]. 

Microalbuminuria 

Microalbuminurea is another clinically important CVD sur- 
rogate and highly predictive for cardiovascular morbidity 
and mortality [1]. Diabetic nephropathy and microalbumi- 
nurea have been found linked especially with postpran- 
dial hyperglycemia, among other glycemic parameters 
[102,103], whereas treatment with acarbose and other 
AGIs not only reduced postprandial hyperglycemia, but 
also microalbuminurea and related pro-inflammatory 
factors, such as interleukin 18 [103,104]. In addition, 



there is a wealth of animal studies proving acarbose to 
delay or prevent the onset of renal, retinal, lens and 
neurological changes and the development of ischaemic 
myocardial lesions [105]. 

Carotid intima-media thickening 

Carotid intima-media thickening (CIMT) assessed by 
Duplex sonography, represents another key CVD risk 
surrogate [1]. Acarbose and other AGIs have uniformly 
and consistently been shown to reduce progression of 
CIMT in randomized controlled trials both in Europe and 
Asia [106-109]. A recent meta-analysis has strengthened 
this notion further [110]. However, a recent study has also 
emphasized that although acarbose delayed progression of 
CIMT in early diabetes, reductions in glycemia were not 
major determinants of reduced rate of IMT progression 
[111]. Vascular benefits of acarbose might be independent 
of its glycemic effects, therefore. 

Oxidative stress and low grade inflammation 

Oxidative stress and low grade inflammation in man are 
usually assessed by biomarkers, e.g. urinary excretion of 
PGF2a or cellular nuclear factor-kappa B (NF-kB) activa- 
tion or nitrotyrosine, tumor necrosis factor (TNF) alpha, 
interleukin 6 or high sensitive C-reactive protein (CRP) 
in serum [77]. In particular the relationship between CRP 
concentrations and CV events has been studied extensively 
(1, 104). Marginally elevated CRP levels showed strong 
predictive capability for CV events in numerous epi- 
demiological longitudinal studies and have also been 
targeted in large randomized intervention trials, e.g. the 
JUPITER trial [112]. Reduction of slightly elevated CRP 
concentrations in an otherwise healthy primary prevention 
population by rosuvastatin in this trial, was linked to 
significantly lower proportion of CV events. Thus, bio- 
markers like high sensitive CRP are today widely used as 
surrogates for CVD in interventional or observational 
studies [1]. 

Against this background, it appears reassuring that 
acarbose has also been found to reduce established 
markers of low grade inflammation and oxidative stress, 
such as serum CRP concentrations in subjects with IGT, 
and cellular NF-kB activation or urinary PGF2a in type 
2 diabetic patients [113,114]. In addition, acarbose reduced 
the post meal net electronegative charge of LDL in patients 
with newly diagnosed type 2 diabetes and also the post 
meal white blood cell response in patients with early type 
2 diabetes in the AI (I) DA Study [115,116]. 

Expanding studies of hypoxic stress in the context of 
postprandial hyperglycemia-induced pathologic changes 
into animal models of intermittent hypoxia, acarbose 
was able to prevent both cardiac interstitial fibrosis 
and hypertrophy of cardio-myocytes [117]. So, in aggre- 
gate, acarbose may show unique effectiveness in favorably 
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influencing established CV surrogates like endothelial 
dysfunction, CIMT or markers of oxidative stress and low 
grade inflammation (see list "Acarbose Potential to Reduce 
CVD by Effects on CVD Surrogate Outcomes" below). 

Acarbose potential to reduce CVD by effects on CVD 
surrogate outcomes 

• Restoration of endothelial function. 

• Reduction of microalbuminuria and nephropathy 
(also animal studies). 

• Reduction of carotid intima-media thickening. 

• Reduction of oxidative stress. 

• Reduction of low grade inflammation. 

• Reduction of cardiac interstitial fibrosis (only animal 
studies). 

Trial evidence of acarbose to reduce CV events 

The Study to Prevent Non-Insulin-Dependent Diabetes 
Mellitus (STOP-NIDDM) Trial evaluated the efficacy of 
3 years of treatment with acarbose vs. placebo in prevent- 
ing the transition to overt diabetes among 1429 patients 
with IGT [64,72]. Targeting postprandial hyperglycaemia 
with acarbose was not only found to be associated with a 
36% reduction in the incidence of new onset diabetes as 
the primary objective of this study, but also with a highly 
significant reduction of myocardial infarction (1 vs. 12, 
p = 0.0226) and any CV event (15 vs. 32, p = 0.0326), as 
assessed by a planned post hoc analysis of predefined 
secondary outcomes. Consistent with these findings, an- 
other post hoc meta-analysis of seven randomised trials 
with acarbose in 2180 patients with type 2 diabetes and a 
follow-up of 1 year or longer ([66], MeRia Study), likewise 
revealed a significant decrease of myocardial infarction 
(9 vs. 19, p = 0.012) and any CV event (76 vs. 88, p = 0.006). 

Although these data might be suggestive for a favorable 
effect of acarbose to prevent CV events, one should keep 
in mind that the number of events was indeed small and 
the analysis done retrospectively, thus these results were 
only hypothesis generating [64,66]. A definitive random- 
ized placebo-controlled trial, however, seems to be war- 
ranted to test the hypothesis that acarbose could reduce 
CV events as a primary outcome in a large enough cohort 
of high CV risk patients with dysglycemia. Of particular 
relevance, the latter goes often unrecognized and may be 
first diagnosed within the context of an acute coronary 
syndrome [1]. The ACE Trial started in 2009 and was 
designed to examine the potential of acarbose to reduce 
CV complications in a secondary prevention population 
with impaired glucose tolerance [118]. 

ACE trial: brief outline of study design 

The ACE trial is a randomized, placebo-controlled, double- 
blind, pragmatic secondary prevention trial, investigator 



initiated and academically led by the Oxford Trial Unit. It 
is planned to enroll 7500 patients in China and Hong Kong 
with IGT and coronary heart disease as defined by a prior 
myocardial infarction (MI), unstable angina or current 
stable angina. Patients are randomized to 50 mg acarbose 
tid or matching placebo in a 1:1 fashion on top of opti- 
mized guideline based CV care and at least 3 months out 
from a prior MI. The primary composite CV outcome is 
the time to the first occurrence of CV death, nonfatal MI 
or nonfatal stroke. Secondary outcomes include prevention 
of diabetes and all-cause mortality. 

Conclusions 

Perspectives and expectations 

Recent results of RCTs evaluating blood glucose lowering 
drugs and looking at longer-term CV outcomes have 
underlined the importance of performing RCTs. Hopes 
derived from rather short-term labelling trials and patho- 
physiological studies assessing CV biomarkers or CV sur- 
rogate outcomes may turn out to be erroneous when the 
longer term outcome results from RCTs become available. 
As shown in this review, acarbose is a blood glucose low- 
ering drug of great promise considering the compelling 
evidence for its favorable influence on most CV risk factors 
and CV surrogates. In the rapidly evolving landscape of 
CV outcomes trials, this fosters our expectation that the 
ongoing ACE RCT might eventually confirm the positive 
post hoc CV results coming from the STOP-NIDDM and 
the MeRia trials. 
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